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ABSTRACT
ANALYSTS AND TEST OF A BREADEOARD CRYOGENIC
HYDROGEN/FREON HEAT EXCHANGER "
_ by
L. F. Desjardins and J. Hooper

April 1973

This report describes the system studies required to verify a tube - in -
tube cryogenic heat exchanger as optimm for the Space Shuttle mission. Design
of the optimum configuration, which could be fabricated from commercially _
available hardware, is discussed. Finally,testing of the proposed configuration
with supercritical hydrogen and Freon 21 1s discussed and results are compared

with thermal and dynamic analysis.
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"FOREWORD

Th15 report was prepared by the Hamilton Standard Division of the
United Aircraft Corporation for the National Aeronautics and Space Adminis-
tration's Manned Spacecraft Center in accordance with Contract NAS 9-12725.
This report covers the period from May 12, 1972 through January 24, 1973.
During this period the tube - in - tube was selected as the optnm.nn cryogenic
heat exchanger configuration for the Space Shuttle. A breadboard unit was
designed, fabricated and tested to correlate analysis with actual performance.

Personnel responsible for the conduct of this program were Mr. F. H.
Greenwood, Program Manager, Mr. L. F. Desjardins, Engineering Project Manager,
and Messrs. J. Hooper and R. Balinskas, Analytical Engineers. Testing was
conducted at Wyle Laboratories at Norco California. Mr. F. Collier was
Technical Monitor and Mr. R. J. Gillen overall program supemsor for the NASA
Manned Spacecraft Center.
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- SUMMARY

Initial studies indicate that the Space Shuttle system heat rejection
requirements may be optimized by the use of a cryogenic heat exchanger. The
eventual viability of this heat rejection method is dependent upon the
technology development of a heat exchanger concept for use with cryogenic
hydrogen and Freon 21. A simple tube - in -tube concept, selected for the
fﬁace Shuttle Orbiter under contract NAS 9-12208, showed promise of providing

e required features at a very low weight penalty and providing basic
conceptual simplicity. This concept had been modeled mathematically and its
feasibility demonstrated by tests conducted with cryogenic nitrogen and water.

The objective of thisphase II program was the correlation of analytically
derived data with test data from a heat exchanger utilizing the Shuttle fluids
of supercritical hydrogen and Freon 21. As can be seen in the Work Breakdown
Structure (WBS), figure 1 , the program was divided into 5 major tasks, which
were sequential except for the generalized task of Management and Documentation
which occurred throughout the program. At the outset,the latest available

- Shuttle data was examined and found similar to that on which the previous
phase was based. Thus the same rationale supporting a tube - in - tube cryo-
genic heat exchanger was still applicable, as well as the proposed control

" system. Next,the heat exchanger was optimally sized using commercially
available tubing. Aluminum was selected because of its superior physical
properties (1) at cryogenic temperatures, high conductivity and minimm wei ht
The design selected, namely concentric 1" 0.D. and.3/4" 0.D. concentric t
15 feet long in a coil, approximately 1 foot diameter, was included in the
math model and computer program previously prepared. OSystem dynamic studies
showed the proposed cryogenic heat exchanger control system both accurate
and stable.

The proposed heat exchanger was defined in drawlng SVSK 86021 and a
vendor was selected for its manufacture after receiving NASA design approval.
Controls of the proposed cryogenic heat exchanger control loop were not
definitized .in drawings since their procurement or test were not a part of
the program. Considerable difficulty was encountered in manufacture of the
heat exchanger in that the maximum length of commercially available tubing
was 12 feet,requiring a butt welded joint which fractured during coiling.

In addition severe rippling of the outer tube was experienced. To correct
these problems the wall thickness of the outer tube was increased from .028"-
to .035" and the tubing length was limited to 12 feet. Future prototype
procurement should provide time and funding for a mill run of the proper
length tubing.

Wyle Laboratories in Norco, California was selected to conduct the
heat exchanger tests after 5011c1t1ng bids from other test facilities and
examining Hamilton Standard's test capabilities. Wyle was partlcularly

(1)AL00A Bulletin MALCOA Aluminum The Cryogemc Metal." .
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advantageous in that they had a complete functional cryogenic hydrogen
facility and took no deviations to the test plan. Steady state thermal
performance tests were conducted at.5000, 20,000, 35,000, and 50,000 Btu/hr.
Transient tests were conducted by increasing Freon inlet temperature from
minimm to maximm in step and ramp changes and starting and stopping

hydrogen flow at 5000 and 50,000 Btu/hr heat loads. Good correlation with
analytically derived thermal and dynamic performﬂnce was obtained ; however,

a progressively more severe hydrogen instability was noted with increasing _
heat load. This was manifest as a one hertz fluctuation in hydrogen inlet and
outlet pressure and flow.. Amplitude of the pressure fluctuations at the
50,000 Btu/hr case was + 15-20 psi. Investigation confirmed that the hydrogen
pressure/flow fluctuations were not caused by the test rig.

Literature searches revealed a considerable mmber of similar instabil-
ities but the mechanism of instability has been postulated only. Some show
it as a function of low cryogenic flow rates and high heat loads and others
as a function of cryogenic inlet to outlet density ratios. Clearly, however,
the mechanism of instability must be understood better before using a system
with the inherent instability or attempting to rede51gn a heat exchanger for
stability.

3/4
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- INTRODUCTION

This program was conducted in accordance with NASA Contract NAS 9-12725

to verify the selection of a tube - in - tube configuration as the optimum

" cryogenic heat exchanger for the Space Shuttle program, and design, manufac-
ture and test a breadboard unit. This program is a follow-on to NASA Contract
NAS 9-12208 which authorized conduct of an in depth study to develop a cryogenic
heat exchanger concept meeting Space Shuttle requirements of simplicity, Light-
weight, reusability, low maintenance, long life and low cost. This program
recommended a tube - in - tube counterflow configuration on the basis of lower
cost and longer life than the other primary contenders of tube - in - shell and
plate and fin. System weight difference among these three primary contenders
was only 3.6 of 121.4 pounds hence the small weight advantage of the plate
and fin configuration could not counteract the cost and life advantages of the
tube - in - tube confgiruation.

The major tasks of this program consist of the following:

" Design ‘Studies - These studies reviewed established results with latest
: e conditions and provide further math model development and system
dynamic evaluation.

" Breadboard Unit Deésign - This task established a tube -~ in - tube config-
uration which provided minimm system weight consistent with commercially
available tubing and fittings.

Breadboard Unit Pabrication - A prototype heat exchanger was fabricated.

" Breadboard ‘Tests - Steady state and transient tests were conducted within
a range of 5000 to 50,000 Btu/hr to afford correlation with the analytlcal
approach for dynamics and thermal perfonnance

_5/6I



Hamilton U ' : SVHSER 6180

DAV I%A0N DF UNITED MRCRAFT CGRFORATION

Standard e

- "OONCLUSIONS

® The tube - in - tube heat exchanger is confirmed the optimum configuration
for Shuttle cryogenic application.

® Math model and computer studies have shown that the previously selected
thermal control system provides the requlred system stability and
accuracy.

® Test data verifies thermal and dynamic analysis of the heat exchanger
math model.

e . The cryogenic heat exchanger as tested displays a hydrogen pressure
and flow oscillation of approximately one hertz which increases in
magnitude with increasing heat loads.

. The thermal control system proposed for use with the cryogenic heat
- exchanger meets thermal stability and accuracy requirements despite
hydrogen oscillations of the selected heat exchanger.

® The mechanism of hgdrogen osc111at10ns is neither completely under-
stood nor predictable

7/8
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- 'RECOMMENDAT IONS

® Further studies and tests should be conducted to:

Understand the mechanism of cryogenic hydrogen oscillations to
a degree pemmitting stable heat exchanger design.

Understand the characteristics and implications of such
oscillations in a Shuttle cryogenic fluid loop.

® Mill runs should be procured in the future to permit a heat exchanger
length resulting in optimum system weight. :

® For the tubing sizes selected in this study coil size should be a
minimum of 12 inches I.D. to prevent rippling.

9/10
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'DISCUSSTON

The discussion is divided into four major sections following the
program work breakdown structure. These sections are Design Studies, Unit
‘Design, Unit Assembly, and Unit Test and Delivery. '

DESIGN STUDIES

A review of the cryogenic heat exchanger requirements and system penalties’
was completed. Contact with North American Rockwell showed that heat loads and
cryogenic system penalties had not changed. Thus the tube - in - tube con-
figuration determined best under NASA/MSC contract NAS 9-12208 continues as
the selected configuration.. An optimization of the tube - in - tube heat
exchanger size and weight using commercially available alumimm tubing was
conducted. This optimization considered a maximm heat load of 50,000 Btu/hr,
and normal heat loads, zero load operation, hydrogen utilization, hydrogen

- supply pressure variations, degree of hydrogen super-heat and coolant freez-
ing prevention. In addition, nominal loads were assumed for gross structural
investigation as specified in figure 3. :

. The cryogenic heat eirhanger was. optimized based on ‘the following
condition: :

[ .

T of Freon 21 in 620°R

T of Freon 21 out = 500°R
TofHyin - 66°R

P of H, in : = 300 psi

Q o= 50,000 Btu/hr

Wof Freon 21 . = 1602.5 1bs/hr

Usage Time = 1 Bour

This condition is based on North American Rockwell data. Power
-penalty to account for the Freon 21 pressure drop was calculated as 2.39
1bs/psi based on the North American Rockwell system data.

The pipe outside diameters that were used in the optimization were
3/8" to 1" in commercially available 1/8" increments between these limits.
Thicknesses investigated were .020, .028, and 035 inches. As alumimm is

11
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compatible with both hydrogen and Freon 21 and has excellent mechanical
properties at cryogenic temperatures, it was selected as the heat exchanger
material. Due to the long tube length, conduction along the walls is
insignificant.
Figure 2 compares the following combinations of pipe and wall thickness:
1, 1/2", .028; 3/4", .028"
2. 3/4n, 028y 1M, 028"
3. 5/8", ,028; 7/8", .028"
4, 3/8'", .020; 5/8", .020"
5. 3/4", .035; 1", .035.
. beal equivalent weight consists of:
a) Heat exchanger 'wet weight'.
b) Hydrogen expended for one hour.
c) Freon pumping power penaity.
d) Tankage penalty was not included.
The difference in total equivalent weight for the configurations compared

was less than two pounds at their optimum lengths. Configuration 2 was chosen
with a length of 15 feet as it has the lowest total equivalent weight.

All of the configurations examined had the minimum wall temperatures above
410°R with the exception of configuration 4. As configuration 2 was selected
there is no danger of freezing the Freon 21. Freon 21 freezes at 249°R.

Variations in H, supply pressures do not affect the heat exchanger size
and were not considered in heat exchanger sizing.

. For comparison,a plate fin heat exchanger was sized to determine the
weilght saving that could be achieved. A maximm weight saving of 3.6 pounds
was calculated using a plate fin heat exchanger. It was concluded that this

weight saving did not justify the increased cost and development required for
a plate fin heat exchanger.

The stresses of the coiled design were investigated for:
‘a) Thermal stresses.

b) Vibrational stresses.
c¢) Shock.

12



Hamilton
Standard

TOTAL EQUIVALENT WEIGHT - LBS
Wy, Lbs/hr + Weet + AP FREON x 2.39)

2 .

37

v SRRy N s T ync T CORS
. SVHSER 6180
: INNER OUTER
43 CURVE PIPE ~ PIPE
1 1/2", .028 3/4", 028
2 3/4', .028 1.0, .028
3 5/8'", .028 7/8", .028
_ 4 3/8" ,020 5/8", .020
2 5  3/4v, 035 1.0, .035
42 '
® svsK 86021
¥ SVSK 86021, Rev. A
41
| | /5
AN ]
39
-—-——”////’ 2
58 =
36
35 10 12 13

CRYOGENIC DOUBLE PIPE HEAT EX(}W\IGERS

LENGTH OF PIPE - FT

FIGURE 2

13

16

18



Hamilton CIISION OF wuo!:!:na-r CORPORLTION
Hamilton & _ SVHSER 6180

The configuration, mounting positions, and requirements are shown in
figure 3. The conclusion was reached that there are no structural problems
in the design. :

" Coritrols "Simulation and Mdth Model Update

The analytical model for the dynamics of a cryogenic tube - in - tube
heat exchanger, which had previously been computerized, was updated to include
the results of the optimization studies and was expanded to include the
dynamics of the Shuttle Freon loop.

The Freon loop parameters for this investigation were selected on the
basis of recent information obtained from North American Rockwell Space
Division as well as in-house studies, Figure 4 shows the design heat loads
selected for the active components and loop temperatures. Figure 5 shows
line lengths and the weight of all components in the loop. The dynamic
parameters for the model are summarized in Table I.

The computerized model includes all elements in the radiator bypass loop,
but not the radiator, hydraulic heat exchanger and associated lines. The
cabin water loop line from the interface heat exchanger to the cabin condensing
heat exchanger has also been included in order to obtain the effect of Freon
loop temperature fluctuations on the temperature of cooling water entering
the condensor. '

" '8ystem Dynamics Investigation

A mathematical model of a tube - in - tube cryogenic heat exchanger was
prepared under Contract NAS 9-12208. A controls investigation made using
the computerized model was reported in NASA CR 115569. In that report a
recommendation was made for a simple control,sensing Freon outlet temperature,
and employing a constant speed reversible electric motor to actuate the Hp
feed valve. In the absence of detailed knowledge of the thermal dynamics of
the Shuttle Freon loop, characteristics for the control were selected on the
basis of assumed values for: '

1. The maximm possible rate of change in Freon temperature
at the heat exchanger inlet, and

2. The effect of Freon temperature changes at the heat

exchanger outlet on other elements in the system, which
determine control specifications.

14
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- A - Thermal Stresses - Minimal
B - Vibration Stresses -

Requirement = 24 G's + 107 cycles equivalent sine

Mounted as shown with full weight (1) assumed to be supported by
outer tube (1.0 0.D., .028'" wall, AAS062) gives factor of safety
> 1.5 for 107 cycles.

) Weight equal to 20 1bs., including insulation.

C - Shock - not a deternﬂning factor requirement on 20 G's.

CONCLUSION - There are no foreseeable structural problems in the design.

STRESS SUMMARY - CRYOGENIC H, HEAT EXCHANGER
FIGURE - 3

15
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RADIATOR
AA/WAAMA,
> FREON
= 2400 1b/hr
ti‘, S (Cp = -25)
T = 613.2°R
T = 627.2°R
FUEL CELL ]
COOLANT
= 2220 1b/hr
FUEL G =.27)
CELL - PC&YO
HX's _
Q = 36,000 Btu/hr ;
(3) E = 81.0% Q ?7,940 Btu/hr
I—'—)— H,
A T = 567.2°R T = 66°R Y
T = 553.2°R T = 500°R
& VAAANAAS A .
INTERFACE HX
VN AANAAAAN
= - s05°R
- o Q = 31,940 Btu/hr T =50
T = 558.2°R E-oics

CABIN WATER LOOP
= 600 1b/hr

FREON LOOP TEMPERATURES AND HEAT LOADS
AT ASSUMED DESIGN POINT

FIGURE 4
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RADIATOR
ADLINE 5 - 41.6
_HYDIIEULIC > 18 1bs. - (PLINE 6 - 110'
LINE 3 - 87.3'
—~ '
FUEL RAD BYPASS LINE - 20.8'
3 GSE
CELL b
HX's 29 1bs/unit HX _[€1° 1bs
A— | :
o QLN 4 - 45.7" |
|| waLLs | '
' l :
:_. %_LI_NE_I - SUB f=95 1bs
| - -
| CRYC | 4.5 1bs
QLINE 2 - 37.4° X |
OLINE 1 - 25

INTERFACE

57 1bs

LINE C, CABIN WATER LOOP
' -LINE TO COND. I‘D( -
70.8" .

FREON LOOP LINES - 1" 0.D. X .028" wall aluminum
-metal wt per ft = ,1021b
WATER LOOP LINES - 1" 0.D. X .028" wall stainless st.
' metal wt per ft = ,300 1b

FREON LOOP LINE LENGIHS AND UNIT WEIGHTS

FIGURE 5
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TABLE I

DYNAMIC PARAMETERS

NTU* FREQN OTHER METAL FREON OTHER | FREON | OTHER
- | TRANSPORT | FLUID HEAT 4%%| HEAT4x%x | FLUID ha, | FLUID
TIME, | TRANSPORT [ CAPACITY, | CAPACITY, | HEATxxs| Btu hA,
Sec. TIME, Btu/°R .Btu/°R | CAPACITY, | hr "R | Btu
Sec. *k Btu/°R hr °R
FREON LOOP LINES,
PER FOOT . 0565 .606 - .0218 .101 - 33.9 -
WATER LOOP LINES, |
PER FOOR .0687 - 1.82 .0328 - .304 - 41.2
INTERFACE
HEAT EXCHANGER 10.60 20.5 61.9 11.25 3.43 10.3 6380. | 6380.
.~ FUEL CELL
HEAT EXCHANGERS
(3 IN PARALLEL) 4,28 23.4 11.2 4.41 1.31 1.87 857. 857.
GSE HEAT EXCHANGER 7.67 4.1 - 2.78 .68 - 4570 -
SUBLIMATOR 4.43 3.1 - 5.22 .52 - 2660 -

* NTU = hA/WCp or UA/WCp in active heat exchangers
** Half of metal plus stagnant fluid in active heat exchangers

***eat Capacity = Item Weight x Specific Heat = Q/AT
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A maximm rate of change in Freon inlet temperature of 20°R per minute
was assumed for normal operation, with possibly greater rates occurring
during start-up if the radiator were suddenly by-passed. The controcl
characteristic selected for stability during normal 0perat10n was a full
range of valve travel in 200 seconds and a + 1°R'dead band.

Under the present contract a mathematical model of the thermal
dynamics of the Freon loop was prepared and programmed as an addition to the
- cyrogenic heat exchanger computer program. Using the expanded computer pro-
gram the requirements. for the cryogenic heat exchanger control were reexamined,
with particular attention to start-up conditions.

The Freon loop system modeled was based on information obtained from
the North American Shuttle ECS baseline (March 1972} and on studies conducted
by Hamilton Standard. The active elements in the Freon loop during operation
of the cryogenic heat exchanger with heat flows, fluid flow rates and temper-
atures at the assumed design point are shown in figure 4. Line lengths and
component weights are shown in figure 5. The model includes the Freon loop
completed by the radiator bypass but not the radiator, hydraulic heat exchanger
- or ‘associated lines. The line in the cabin water loop fram the interface heat
. exchanger to the cabin condensing heat exchanger is also included in order to
 determine the effect of Freon loop temperature changes on the temperature of
cooling water enterlng the condenser.

~ The mathematical model and computer program are dlscussed in the next
section and the controls reevaluation in the following one.

Descrlptlon of Math Model and Computer Program

The components in the Freon loop are one of two types from the point
of view of thermal dynamics: _

1. Those in which heat transfer occurs only between Freon
and metal, i.e. transport lines and the inactive GSE
heat exchanger and sublimator which have no second fluid
flowing. Freon and metal in these components come to the
same temperature at steady state.

2. Active heat exchangers (interface and fuel cell heat
X exchangers)

Component models for each type were selected for thelr 51mp11c1ty and '

tolerance to input changes. Where required for accuracy, components were
- divided into two or more segments. o

19
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Nomenclature:
A = Heat transfer surface area
Cp = Specific heat
m = Mass |
NTU = UA/N (Vuer of Themmal Units)
Q = Heat flow |
T = Temperature
t = Time
At = Finite interval in time
U = Heat transfer coefficient (between two fluids
in heat exchangers, between fluid and wall in
lines)
W = Flow rate
E = Heat exchanger effectiveness
@w = Wall time const = (mCp)wall/UA
T = Fluid transport time
e = Base Napierian Logarithm (2.7183)
& = Frequency (radians)

o= /1

Transport Lines and Inactive Heat Exchangers

The fluid temperature at the outlet of a line with a wniform tube wall
temperature is:

T fluid out = T Fluid e NV + T wall (1-¢"NTV)

The rate of change in average wall temperature assuming no heat
transfer from the outside of the tube, is:

d Twall _Q towall _ (W Cp)fluid (T in - T out)
dt mCpjwall ~ nCp)wall

20
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Employing the approximation that the assumed wniform wall temperature
in the first equation changes as the average, these two equations may be
combined to yield an equation for rate of change in fluid outlet temperature:

fluid fluid

. e T s . d_ . fluid
dT out _'dT ' in e-NTU )fluid (1-e-NTU fluid_ g
It = It +(_m wall ( ) ( in OUt.)

When using this equation, the f1u1d'out1et temperature must be delayed
by the time it takes a particle of fluid to pass through the line before
it becomes the inlet temperature to the next element.

The approximation involved'in this equation for rate of change in out-
let temperature does not introduce significant error when the NTU is on the
order of 2 or less, as may be confimed by calculating frequency response
using this equatlon and comparing it to frequency response calculated using
the exact transfer function for insulated lines.

The above equation converted to a transfer function is:

uid in . . tTid
_ Jo * (l-e NTU) T wall

( : )ﬂuid) .
T fluid out _ \jwe NIU +(1:¢-NIUj m%‘j_wai'l e
g%%)

" while the exact transfer function is:

, . NTU
Tfluidout . . |juf 7+ &7 + NTU w?
T fluid in € w2 +1 ol 4 1

. mZ GMZ'

- Figure 6 shows a comparison of frequency response calculations using
these two equations. ‘Three lengths of Freon loop lines are shown. The
NTU, which is proportional to line length, reaches a value of 2 at a line
len th about 36 feet. The approximate equation used in the computerized .

model provides a reasonably accurate frequency response for a 30 foot
11ne length, diverges somewhat from the exact solution at 50 feet, and -
becomes very inaccurate at a length of 100 feet.

. The 10gic in modeling the inactive heat exchangers in the Freon loop

' (subllmator and GSE heat exchanger) is precisely the same as for the lines,
since the only significant heat transfer occurs between Freon and heat
exchanger metal. Due to the large heat transfer surface area in heat
exchangers, however, the NIU is typically large. Consequently, it is
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necessary to break heat exchangérs into segments having NTU's on the order
of two. The sublimator was broken into two segments and the GSE heat exchang-
er into four. Of the transport lines in the model, only the water loop

line from the interface heat exchanger to the condenser required more than
one segment. _

‘The differential equation for fluid leaving each line or inactive heat
exchanger segment was put into the following form for solution by finite
difference techniques using a computer:

. . fluid out | .
T fludd 3y = 7 fluid(yy &+ [T previous - 1 fluid
- Tout out Igegment (n) our. (D%

W fluid .
oy a1l (1-¢MTU) x At
fluid out ' i
+ 1T prevgbus n-1) - T ﬁ%g%foﬁgt (m) | x e NTU
segment . Segmeént -

where n = T segment
At

Values indexed n are values delayed by the fluid transpoft time in a
segment, and are generated from currently calculated values (subscripted
(1)) by setting: : ' .

Tm) = Tn-1)
for each of 2 through n values at each time step At.

Active Heat Exchangers

. The steady state temperature of the cold fluid ét'the outlet of a
counterflow heat exchanger, in terms of effectiveness, is:

| cold o hot cold _ cold
Tt = E (T in T in ) *T “in

The. steady state heat flow to the cold fluid is therefore:

s (T ) e (10 - Te)
5 s 55 :
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The excess of the instantaneous heat flow to the cold fluid over the
steady state heat flow at the instantaneous inlet temperatures determines
the rate of change of heat exchanger wall material (one half of which is
assigned to each fluid): '

- (ncp) wall A T¥all - yep (7 cgld - Togld ) - wop B (7 hgL - 1 o9ld)

d T wall -(WCp) cold 1d
LT .08 et law regoinrig - ey]

Writing, as for the transport lines:

T cold = 1 cold ¢-NTU , T wa11 (1_e‘NTU)
out in

and combining this equation with the one above:

dTc9ld g rcold (WCp)cold
out _ in - - -
IF = dt e NTU & (1'8 NTU) (EI_))W_&II- [(I‘E) T C%d + ET h%'.i - T Cgﬁ%

An equation for the rate of change of the hot fluid temperature leav-
ing the heat exchanger is similarly developed. As with the equation for
transport lines, the accuracy of this equation may be tested by comparing
calculated frequency response to that calculated using an exact counterflow
heat exchanger transfer fimction. An exact temperature transfer function

- was derived by Gyftopolous and Smets, and presented by Ball in "Approximate
Models for Distributed-Parameter Heat Transfer Systems', ISA Transactions,
Vol. 3, No. 1. A straight through transfer function for a heat exchanger
with an NTU of 1, and fluid transport times and wall time constants equal
to 10 seconds for both fluids has been replotted from Ball's paper in
figures 7 and 8.

The straight through transfer function resulting from the approximate
equation is:

T cg%% (jwe'NTU + (1_5)(nggggld (1_e-NTU)) e~ JwT

T cold iw +WCpYcold  (1.o-NTU
n jw + = (1-e )]
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Values calculated using this equation are plotted as symbols in
figures 7 and 8 and show good agreement with the exact frequency response.
The accuracy decreases as NTU becomes large, and high effectiveness heat
exchangers were broken into several segments (the interface heat exchanger
five, and the fuel cell heat exchangers two each). '

The finite difference form of the equation is:
1d (1) = T col 3) _NTU) .
Tegld (1) = T cgld (3 +(%m ﬁold (1 -e NTU) x

1d, out ; : :
EThOt (1 + (1-E) T previous (n) - T <0ld (1 X:
{ n Isjeg:ment (m out Wi x4

' cold out
+eNIU x (T 5%%%1835 (n-1)} - T previous (n)
segment Segment

and T(n) = Tfn + 1) at each time step,
Computer Program
A listing of the computer program including the cryogenic heat
exchanger and its controls, and the thermal dynamics of the Freon loop
is given below. The input is defined by comment cards at the beginning

of the listing. Values for the dynamic parameters in the Freon loop used
as input to the computer program in this study are summarized in Table I.
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Standard As

LEVEL

aNolelalelutaiuininlisizizizinininiaisizkaiainiainislsEsinXakeinia ke in e isls el e EnNo Bn e Na i R e Ra N o el e N e e

, ME
YEAR/DAY HOUR/MINUTES/ SECONDE
20.1 MA IN _ DATE = 72200 09/21/09

DECK 505 TUBE IN TUBE COUNTERFLOW HEAT EXCHANGER WITH SUPERCRITICAL
H2 ENTERING INNER TURE, FREON IN ANNULUS, CONTROL

OF FREON OUTLEYT TEMPERATURE BY MODULATING H2 FLOW USING CONSTANT
SPEED REVERSIBLE MDTCR TO ACTUATE INLET VALVE

SHUTLE FREON LOOP THERMAL DYNAMICS ADDED

INPUT IS LOADED BY STANDARD LOAD ROUTINE TN THE FOLLOWING LOCATIONS
GEOMETRICAL FACTORS

1 3| INNER DIAMETER CF TNNER TUBE, INCHES
2 T1 THICKNESS OF INNER TUBE WALL, INCHES
3 Do INNER DTAMETYER OF QUTER TUBE, INCHES
4 T0 THICKNESS OF CUTER TUBE WALL, INCHES
5 Xt HEAT EXCHANGER L ENGTH, FFET
b cn CDIL CIAMETER, INCHES

QPERATING CONNITIONS
T WD DESIGN VALUE 0OF HZ FLOW RATE, LB/HR
8 Wi INITIAL VALUE OF FH2 FLOW RATE, LBS/HR
9 WF FREON FLOW RATE, LB/HR

10 PD H2 PRESSYHRE AT HEAT EXCHANGFR INLEY, PSIA
11 INPTY NUMBER OF H? INLET TEMPERATURES VS TIME PDINTS INPUT
3i-40  TI1TVIME TIME AT WHICH H2 TNLET TEMP IS DESIGNATED,]1 THRU 10, SEC
41-50 TIL1TEMP H2 TINLET TEMP AT TIME POINT 1 THRU 10, DEG R
MATERIAL PROPERTIES
13 cPF FREON SPFCIFIC HFAT, BTU/LB-DEG R
14 CONDF FREON THERMAL CCNDULTIVITY, BTU/HR-FY-DEG R
16 RHOF FREON DENSITY, LB/FT3
16 VISF FREON VISCOSITY, LB/HR-FT
17 CPu TUBE METAL SPECIFIC HEAT, BTU/LB-DEG R
18  RHOW TUBE METAL DENSITY, LR/FT3
19 XKW TUBE METAL THERMAL CONDUCTIVITY, BTU/HR-FT-DEG R
TI-R6  T3TEMP 18 INPUT TEMPERATURES FDR H2 ENTHALPY, DEG R
51-106 T3ENTH H2 ENTHALPY AT DESIGN PRESSURF, BTU/LA
CONTROL VARIABLES
20 GR MCTOR RATE, PFRCENT VALVFE TRAVEL PER SECOND
21 sp FREON QUTLET TEMPERATURE CONTROL SET POINT, DEG R
22 DBAND TEMP BAND ARQUND SET POINT IN WHICH MOTOR IS INACTIVE, DEG R
23 ACDL DELAY IN VALVE ACTUATOR FROM TIME OF TC SIGNAL, SEC
24 TCTC THERMDCOUPLE TIMF CONSTANT, SEC
COMPUTAT TONAL CONSTAMTS
25 TMAX TIME AT WHICH TRANSIENT CALCULATION ENDS, SEC
26 IN NUMBER QF NCODES IN HEAT FXCHANGER MODFL
FREON LO0P DOYMAMICS
111 FLHAF FREON LINE HA PER FOOT,BTU/(HR—FT-DEG R)
112 FLMCWF FREON L INE HEAY CAPACITY PER FONT, BTU/{FT-DEG R}
113 FLMCLF FREON HEAT CAPACIYY IN FOOT OF LINE, RTU/{FT-DEG R

o114 FL1L LENGTH OF FREON LINE |, FT

115 FL2L LENGTH OF FREON LINFE 2, FT

116 FL4L LENGTH CF FRECN LINE 4, T

117 FARPL LENGTH OF FRFON RADTATOR BYPASS, FY

118 STTQL LENGTH 0OF STAR TRACKER LINE, FT

1717 WLHAF WATER LINE HA PER F{OT, BTU/(HR-FT-DEG R}

122 WLMCWF WATER LINE HFATY CAPACITY PER FOOT, BTU/{FT-DEG R)

123 WLMCLF WATER HEAY CAPACITY IN FOOT QOF L INE, BTU/{FT-DEG R}
126 WLCL LENGTH OF WATER LEINE FROM INTFR HX TD CONDENSOR, FTY
129 EIHX EFFECTIVENESS OF INTERFACE HX

120 FIMCW WALL HEAT CAPACITY FOR FREON IN INTERFACE HX,BTU/DEG R
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iz inSaNeEaNalxBaalelele el laRe FeleNeNe a

12

15

WM W W D BC W M W M MM

20 .1

131
132

133

134

135

136
137
138
139
140
141
142
143
144
150
151
152
153
154
155
156

WIMCW
TAUTF
TAU W
EFC
FCFMCHW
FC4MCW
TAUFCF
TAUFCS
GSENTU
GSEMCW
TAUGSE

SUBNTY

SUBMC W
TAUSUB
TIHXW
TFC WA
TFCWB I
TFCWCT
T8RP I
TGSEI
Wi

DIMENS T0ON
DIMENSION

 DIMENSION

DIMENS TON
DIMENSION
DIMENS ION
DIMENSTION
DIMENSTON
DIMENS ION
DIMENSICN

(DI

(Dt

5Y 4 XL
9) »WF

-{D{13}%,CPF
{iD(17)4CPW

21} ,SP

(D(25),TMAX
{D(31),TITIME(Y) ),
(O(T1),T3TEMP (1)), S -
(DULT1) o FLHAF )4 (0411215 FLMCHFY 1 (D(113 1, FLMCLF 14 (D1 1140 4FLIL 1+
)5 {DI118),STTRL )y
(D{121),WLHAF ), {DT122)WLMCWF ), {D{123),WLMCLF),ID{124) ,HLEL ),
(D{129},EIHX ), (D130} ,FINCW),(D{131),WIMCW), (D{132),TAUIF ),

{D{133), TAUIW 3 ,1D{134),EFC
{D(137), TAUFCF), {D{138),TAUFC4)+(D{139),GSENTU}4{D{140) ;GSEMC W) »
(D(141),TAUGSE) y {D{142) ,SUBNTU) s [D(143),SUBMCW), (D(144),TAUSUB),
(D(1501, TIHXW 1o (D{151),TFCWA 1,1D(152), TFCWBI),(D(153),TFCWC 1),
1 eID(155),TGSET ), (D(156),WH )

{D{115),FL2L

{D{154),TRP]
DO 12 I=1,170

DlI)=0,
CONTINUE

CALL START
CALL LOAD{D)

WRITEL1 6,999}

[

MATN

DATE = 72200

SVHSER 6180

09/21/09

WALL HEAT CAPACITY FOR WATER IN INTERFACE HX,BTU/DEG R

TRANSPORY TIME OF FREGN IN INTER HX,
TRANSPORT TIME OF WATER IN INTER HX,

SEC
SEC

EFFECTIVENESS OF FUEL CFLL RHXS
WALL HEAT CAP FOR FREON IN FUEL CELL HXS, BTUIDEG R
WALL HEAT CAP FCR FC43 IN FUEL CELL HXS,BTU/DEG R

TRANSPORTY TIME CFf FRECN IN FUEL CELL HXS,
TRANSPORT TIME OF FC 43 IN FUEL CFLL HXS,

NTU OF GSE HX,

HEAT CAPACITY OF GSE HX,s BTU/DEG R .

TRANSPORT TIME OF FREON IN GSE HX,

SEC

NTU OF FRECN. IN SUBL IMAYOR
HEAT CAPACITY OF SUBLIMATOR, BTU/DEG R

TRANSPORT TIME OF FREON IN SUBL IMATOR,

INITIAL TEMPERATURE
INITIAL TEMPERATURE
INITIAL TEMPERATURE
INITIAL TEMPERATURE
INITIAL TEMPERATURE
INITIAL TEMPERATURE

OF
of
of
of
Of
OF

SEC

WATER INTO INTER HX,
FC 43 INTO FUEL CELL
FC 43 INYTO FUEL CELL
FC 43 INTO FUEL CELL
RADIATOR RYPASS LINE,
GSE HX, DEG R

FLOW RATE IN WATER LOCP, LB/HR

PLT(502,13)

"TE(41),
TLTEMP(10),

T{al),
Di170Y,

TGSZ(ZS)v

{01 21,71
(DL 61),4CD
(D{10).PD
{D(14),CONDF
(D118) ,RHCW

I
Yo
Yo
Ve
bo
),
121D1 260 +2N

Y+iD1116) +FLA4L

DIy TI14 DCy TEC,

29

TWi4l), TS(él!s

ENT{41)

TITIME(10), T3ENTH(20),

TGS3 (251,

Ve
1,
L
) 1
3 L
{D{22),DBAND ),
I+ (D(2T),PLOT
{(DI41) 4 TITEMPLIL) Y,

(D{S1},TIENTH(L}),

}+1D1117}),FBPL

{o{ 31,00
{0{ T},%D
{D(11) ., INPTL
{D{15) +R HOF
(D119) XKW
(D{23},ACOL

TGSE{25)

)y

{D( 4),T0
(Dl 8Y,WI
(0{12},INPT2
{D{16},VISF
{n{20},0GR
{0L24),TCTC

SEC
SEC

DEG R _
HX A.DEG R
HX B,DEG R
HX C+DEG. R
DEG R

T3TEMPI20)

TLINLEOL) o TLIN2EL0 L), TLIN4A(151),TBP{ 711, TLINC{501)
TSTTRI121 ), TIHXFO{21), TIHXWI(81),TSUL{21),TSUB(2L)
TIHXFI{21), TIHXF1{21), TINXF2(21} , TIHXF3(21 ), TIHXF4(21)
TIHXWL(BL), TTHXW2( 81 )y TYHXW3 (8L ), TIHXWA(BL ), YIHXWO(S1)
TECFAL (511, TFCFBL{S1),TFCFCL{51), TFCFAO(SL),TFCFBO(51)
TFCFCO(511,TFCWAT(31), TFCWAL{31),TFCWBLI31) ,TFCHCL{31)
ICN TGS1 1259,
EQUIVAL ENCE

(D{ 1),01
NUT¢

N
P
Yy
Ve
Yo
Yy

1 +IDE135)FCFMCW) 4 {D(136),FCAMCWD,

XL}

LDy

WDy WI, WF, PO,

CPF.

CONDF,


file:///mnto
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IV G LEVEL

gag

XGl2.,5," DI BeG1245

XGl2.5,

®
2C .1 MAIN

MO W

FORMAT ('O INPUTR/ZX,
L I 2:G12.5,
XGl2.5,% XL 24G12.5,* CD al2Xxy
XG12.5* WD De5Ll2.59* Wl D+G12.5,
XG12.5, ' CPF DyG12.5+* CONDF a/f 2%,
XGL12.5¢% RHOF  2406G12.549* VISF 3,G6G12.5,
XGl2.5, ' XKW 29G12.5,% GR Al 2Xy
XGl1l2 .5, SP BeGl2 5By

L |
XG12.5¢' FLHAF 3,G12.54" FLNMCWF3/2X,
XG12.5,* FLMCLF2+,G12.5,* FLIL 3+,6G12.5,*FL2L
XG1l2.5,% FBPL @,G12.5,% STTRL @/2X

EIMX 3¢612.5,* FIMCW &/2X
XG12.5,% WIMCW 24G12.5,' TAUIF 2,612.5,
XG12,5, ' FCFMCH®DG12.547 FC4AMCWA/2X
XGL2.5,* TAUFCFa,612.5,"
XG12,5s% TAUGSERG12.5,1
XG12.5,9 SUBMCW®,G12,.5,°

N=ZN

INI=N+1

ITER=1

1LP=0

IPt=PLOT

1I1PL=1PL+]

NPTI=ZNPT1

VP0OS=0,

DVPOSA=0.0

TOFF=0.0

w""'Oo

TIME=0,0

TFUINY) =TGSEL

ODI=DI+2%T]

A= .005454%DI&D I

AF=,005454%{ DO*DO-001#C0L)
AS=,2618%DTxXL/N

ASF=AS%®(0D1/DI

ASS=.2618%DD%XL/N

DH=DI/12

RHF={DO-CDI) /12

XMF=RHOF*AF& XL /N

XMW=RHOW* . 005454 {0CI*0DI-CI*D T} %XL/N
¥MS=RHOW#ASS*T0D/12
DELT=XMF/WF%3600. _
TAUFLF=FLMCL F/ (WFXCPF) %3600,
FLNTUF=FLHAF / { HF2CPF)
WLNTUF=WL HAF /WW
ENTULI=EXPI-FLNTUF*FLIL)
ENTUITH=EXP{-EIHX/{{1-ETHX) %51
ENTULZ2=EXP(-FLNTUF*FL 21 )

ENTUST =EXP{~FLNTUFXSTYRL )
ENTUFC={-EFC/((1-EFC)*2))
FNTURP=EXP{ -FLNTUF%FAPL)

SUBNTUQ/ 2X
TAUSUBD+G12.5,

30

DATE

RHOF, VISF, CPW. RHOW, XKWy GRy SPy DBAND,
FLMCWF 4 FLMCLF yFLIL +FL2LsFLAL +FBPL 4 STTRLyWLHAF  WLMCWF,,WLMCLF,WLCL,
ETHXy FIMCW, WIMCW, TAUIF, TAUIW, EFC, FCFMCH,FC4MCW.TAUFCF,
TAUFC4 4 GSENTUGSEMCW,TAUGSEs SUBNTU,SUBMCW,TAUSUR,WW

*DO
*WF

*CPW

DBAND 34612454 *ACOL

* TAUIW24+G12.5,°*

* WW

’
]
]
XCl2.5: % WLHAF 34G12.5¢" WLMCWFD+5612,5," WLMCLFR,612.5,"
1
'
L 4

TAUFC42+612.5+ ' GSEN

72200

SVHSER 6180

ACDL, TCTC, FLH

2+612.5,°
D+612.5,°

DyGl2,5+°

DyGl2.5.*

8;612.5.‘

10
PO
R HOW
1CTC
FLaL
WLCL

EFC

09/21/09

AF,

Do

dy

TUR+G12.5+* GSEMCHD,

ar’ly
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OF LT ARG AR T 0N A Tl

2041 | MATN o _DATE = 72200

ENTUL4=EXP{-FLNTUF*FL 4L}
ENTUGS=EXP{~GSENTU/ 4}
ENTUSU=EXP{-SUSNTU/ 2}
ENTULC=EXP{-WLNTUF*WLCL)
CLCC=FLMCWF%3600./ (WF*(CPF}
CLIN1=CLCC*FLIL/T1~ENTUL1)}
CLINZ=CLCC*FL2L/{1-ENTUL 2)
CSTTR=CLCCASTTRL/{1-ENTUST)
CBP=CLCC*FBPL/{1-ENTUBP)
CLING=CLCC®FL4L/ {1~ENTUL %)
CLINC=WLMCWF#WLCL/{WW*{1-EATULC) 1%*3600,
CTHXF=F IMCW/ {WF*CPF%( 1~ENTUTH)*5} %3600,
CIHXW=WIMCW/ {WW* (1 ~ENTUIH}#5) #3600,
CFCF=FCFMCW/ [WF*CPFX*{1~ENTUFC)*2)%3600,"
CFC4=FC4MCW/ (WW*[ I-ENTUFC} %21%3600,
CGSE=GSEMOW/ (4% WFA{PFX (1-EANTUGS ) 1 %3600,
CSUR=SUBMCW/ ( 2%xWF*C PF* { L-ENTUSU) 1% 3600,
MIHXF=TAUIF/ {5%DELT)

NIHXW=TAUTW/ (5*DELT)
MFCF=TAUFCF/{DELT%2}
NEFC&=TAUFC4/{DELT*2)

COMLINI=TAUFLFEFLIL/DELT+NIHXF

84

NLIN2=TAUFLF&*FL2L/DELT
NSTTR=TAUFLF*STTRL/DFLT+NFCF
NBP=TAUFLF*FBPL/DELT .
NL IN4=TAUFLF*#FL4L/0ELT
NLINC=WLMCLFAWLCL/WW%3600,/DELT
NGSE=TAUGSE/[4%*DELT)
NSUR=TAUSUB/ (2#DELT)
TCEX=EXPIDELT/TCTC)

WTDRY={ XMW + XMS)%N

WTWET=WTDRY + XMFEN
RW2=(DDI-DI)/{48.%XKW)
BRFA=1,+3,5%{D0-0DI) /CD
BFT=1,+3.5%D1/CO

PRF =VI SF¥CPF /CONDF
REF=DHF*WF/( AF *VISF )

_ IF(REF~2300,)1,1,2
FFF=64, /REF
HF=4,86 *CONDF/DHF
6D TN 3
FFF=.184/(REF*%, 2)

HF= .02 3 ¥CONDF/DHF *REF &%, B¥PR F¥ %, 4% BFA
DPF =FFF¥XL/DHF& (WF/ AF) %2/ (1 ZE*II*RHDFi*BFA
UFW=1/{1/HF +RW2} '

TCWFs= XMH*CPN/(UFN*ASF)*aéoc.
TCSF=XMS*CPW/{ UFWXASS} #3600,
TCFW=XMF*CPF/(UFW*ASF ) #360C.
TCFS=XMF&CPF/(UFW*ASS) #3600,
IF{DELT-TCWF)IB5,85,84
WRITE{6,1000) TCWF, DELY

SVHSER 6180

09721709

1000 FORMAT {*O%%¥ N [S TOO SMALL FOR STABLE SOLUTION ®%%3/5X,

85

X'TCWF#D+,613.5,10X,'DELTH#D,613.5)
GO TO 15
ToUT=550.

TFOUT=500,
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1v G LEVEL 20.1 MA TN . DATE = 72200

20

21

ae

31

40

41

42

32

33

34
35

100

Iy O AT D SR A R T COMPE A T

CALL UNLINENPT1, ,TITIME,TITEMP,TINME,TI{1),4IRBUG)
CALL UNINT{18 L T3TEMP,TIENTH,T{1),ENTL{1),IB8UG)
DO 9 I=1.,N
T{I+L)=T(I¥+{TOUT-T{1)) /N
TRIUI=TFLINYYI={TF{INYL}-TFOUT ¥ {N-T+1)/N
TWITI={TF{I)+T {1+1}1}/2 '
TSLUI=TF{I1}
TFIT=TF{1)
TIT=T{IN1}

GO 10 21
TF1=TF{1)
TENL=TF{INL}
CALL UNLININPT)L,T1ITIME,TLTEMP,TIME,TI[1),IBUG)
CALL UNINTI18 ZTATEMP,TIEATH.TI1),ENT{1), 1BUG)H
DPTOT=0.0
DO 100 I=1,N
TFAB={TFL{I}+TYF{I+1}))/2

IF{W-0.130,30,31
DTW={TFAB~-TWI{I))I/TCWF

GO TD 32
TAB={T{II+T(L+12) /2
TRIL={TAB+TWITI)I/2

IF{TFIL-300, 141 ,41,40
CPFIL=3.55
COND=.00196%TFIL*%_,637

GD TD 42
CPFIL=,1805%TFIL*%,52212
COND=,00021%TFIL%**] ,028
VIS=.000268%TFIt¥%,698
PR=VIS*CPFIL/COND
RE=DH=W/{AXVISI*TABR/TFIL

= 023%COND/DHAREX% B PREX L 4EBFT
UW=1/(1/H4+RHW2)
TCHH=X MWL PH/ (UWXAS ) %3600,
DENT=UW*AS /W (TWI1}-TAR)
ENTII+})I=ENTI{II+DENT
CALL UNINT{18 T3IFENTH,TATEMPLENT{1¢1},T(T+1)s1RUG)
TAB={T(I1)+T{1+1))/2
FF=,184/(RE *%x,2)
RHO=PD*144,/(55.1%TAB}
DP=FF&XL/INXDH)I*{W/A) %22/ 1. 2E+ 1 1%RHO) #AFT
DPTOT=DPTOT+DP
DTH={TFAB-TWL{)}) /TCWF+{TAB-TW(T}}/TCWH
TWII)=DTWEDELT/2+TWIT)
DTIS=(TFAB-TS{1))/TCSF
TS{L)=DTS*=DELT/2+TS{I}

OTF=(TW{I}-TFAB)/TCFW+{TS{[}-TFAB) /TCFS

TF(L)=DTF*DELT+TF{[+1)

IFIW-0,133,33,34
DTW=(TFAB-TW{I)1/TCWF

GO TO 35
DIW=({TFAB-TW(I)) /TCWF+ {TAB-THW{I))/TCWH
TWlL)=DTWADELT/2+TW{I)
DYS=(TFAB-TS(I))/TCSF
TS{1)=DTS#DELT/247S(1}

IF(TIME~DELT/2)101,1C1,110

32
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IV 6 LEVEL
101
102
103
104

105

777

782

787
178
786

183

789

779

184

78C

1 20.1 ) MA N ] DATE = 72200

IF(ABS(TFIT~TF{1))}~,01)102,102,103
IF(ABS{TIT-TLINL})~,C1)104,104,103
ITER=1 |
GO TO 10
ITER=ITER+] )
IF(ITER-N)10,10,105.
TCC=TF(1)
TF1=TF( 1)
DO TTT LF=1,NLINL

TLINL{LEY=TF(1)

SEGIHX=EIHX*{TIHXW —TF (1)) /5
EIHX=EIHX/{ETHX+{1-EIHX)%*5)

"~ DO 782 LF=1,NIHXF
TIHXFLILFY=TF{1)+SEGIHX*]
TIHXF2(LF}=TF{ 1) +SEGIHX*2
TIHXF3(LF)=TF{1}+SEGIHX*D
TIHXF4{LFI=TF{ 1)+SEGIHX*4
TIHXFO(LF)I=TF{1)+SEGIHX*%S

DO 787 LF=1,NIHXW
TIHXWI(LF)=TIHXW
TIHXWL{LF}=T {HXW —SEGIHX*4
TIHXW2{LF)I=TIHXW ~SEGIHX*3
TIHXW3{LFI=T IHXW —SFGIHX*2
TIHX W4 LLF) =T IHXW —SEGIHX
TIHXWOULF}=TIHXW ~SEGIHX*5

D3 778 LF=1,NLIN2
TLEN2{LF) =TIHXFOU{NTHXF}

DO 786 LF=1,NSTTR
TSTYR{LF)=TLIN2INLIN2)
SEGFCA=FEFCX{ TFCWA-TLINZ2 INLIN2))/2
SEGFCB=EFCX{ TFCWBE-TLIN2{NLIN2)} /2
EFC=EFC/(EFC+(1-EFC)I%2)

DD 783 LF=1,NFCF :
TFCFAL{LF)=TLIN2(NLIN2)+SEGFCA
TFCFBL{LF)=TLIN2(NLIN2}+SEGFCB
TFCFCYIILFI=TLINZINLIN2)+SEGFCB
TFCFAQILFI=TLIN2{NLIN2)+SEGFCA*2
TFCFBO{LF)=TLIN2(NLIN2)}+SEGFCR*2
TFCFCOLLFI=TLINZ2(NLIN2)+SEGFCR*2 '
TFCFO={TFCFAQINFCF)+TFCFBOINFCF) +TFCFCOINFCF )Y /3

D0 789 LF=1,NFC4 ' .
TFCWAI{LF)=TFCWA

TFCWAL(LFI=TFCWA-SEGFCA

TFCWBL{LF)=TFCWBI-SEGFCB
TFCWCLILF)=TFCWC I-SEGFCR
DO 779 LF=1,NBP
TBPILF)=TBPI
00 784 tF=1,NGSE
TGSI{LF I=TGSEI

TGS2{LFI=TGSEI

TGS3{LFI=TGSEI
TG SE(LF)=TGSEI

PO 7BO LF=1,NLING
TUIN4 (LF)=TGSEI

DO 785 LF=1,NSUB

TSULILF}=TGSE!
' 33

SVHSER 6180

09/21/09



Hamilton

Standard &N ~ SVHSER 6180
IV G LEVEL 2C.1 MA TN : DATE = 72200 09/21/09
785 TSUBILF)=TGSE]
DO 781 LF=1,NLINC
781  TLINC{LF)=TIHXWOINTHXH)

1001

1003
10¢2

1004

1CC5

11¢C

388

903

WRITE({6,)1001) REF, HF, DPF, RE, Hy DPTOT, WTDRY, WTWET,

X TCwWF, TCWH, TCSF, TCFW

FORMAT(*OINITIAL CONDITICNSA/2X,
XG12.5¢% REF 2,612.54" HF  3,612.5+* DPF 3+6G12.5,* PE @,
XG12.5,* H 32,6125, OPTOTA/2X,
X612.59% WID @9G12.5+% WTW 2961245+ TCWFD4G12.5," TCWHA,
XG12.5," TCSF @+612.5,% TCFW 3/7)
WRITE{6,1003)
FORMAT{*0C H? TEMPS, 1 THRU NE13)
WRITE{6,1002) {T (K),K=1,1N1)
FORMAT({2X,10G12.5}
WRETE(H,1004)
FORMAT { *OWALL TEMPS,1 THRU N3}
WRITE(651002) (THIK},K=1,N}
WRITEL 5,1005)
FORMAT (Y0 FREON TEMPS, 1 THRU N+13)
WRITE{6,1002) (TF{K),K=1,1N}
THFL=TWL L) +UFWERW2S (TR 1)~ TWL 1))
PTLINI=(TF(L)=-TLINL{1)}/CLINY
TLINL(L) =TLINLAL)#DTLINI #DEL T+ {TF (1) ~TFLI*ENTUL]L
DO 888 LF=2,NLINL
TLINLINLINL=LF+2)=TLINIINL IN1-LF+1)
DTIF1={ ETHX®TIHXWL{ 1) ¢{1-EIHX)&TLINI {NLINL)-TIHXFL1{1))/CIHXFXDFLT
TIHXFLEY =TIHXFL1(1) +DTIF I+ (TLINIINLINLI-1)-TLINI(NL IN1) ) *ENTUIH
DTIF2={ EIHXXTIHXW2 (1) + {1 —ETHX ) *T IHXFL(N THXF)}=T IHXF2( 1)) /CIHXF&DELT
TIHXF2{ 1) =TIHXF2{ 1} +DTEIF2¢ {TIHXF ) ( NIHXF~1)~TIHXF1 INITHXF) )%ENTU IH
DTIF3= (EIHXETIHXW3( 1)+ {1-ETHX) 2T [HXF2(NTHXF)=TIHXF3{1)) /CIHXF*DELT
TIHXF3(1Y=TUHXF3{1) +DTIF3+ (T IHXF2 INIHXF~1)—-T EHX F2 {N [HXF ) )%ENTU IH
DT IF4={ FIHXSTEHXWA{ 1)+ { 1~EIH X} TTHXFI{NIHXF)-TIHXF4{1)) /CTHXF&DELT
TIHXF411)=TIHXF4{1) +DT IF4+4 (T IHXFBINTHXF-1)—TTHXF3{ NTHXF } }*ENTUIH
DTEIFS={ ETHXSXTIHXWIL1}+ (1-EIHX)®TTHXF4(NIHXFI=T IHXFO{1)) /CIHXF&DELT
TIHXFOUL)=TIHXFOI 1Y +DTIF5+ [TIHXF&{NIHXF=1)=TIHXF4{ NIHXF ) )*ENTUTH
DYIWS={ ETHX®TIHXF4 { 1)+ {1 ~ETHX )T THXWI{NIRXW =T IHXW4( 1)) /CTHXWEDELT
TIHXW4{ 1) =TIHXW4( 1) +DTIWS+ (TIHXWI {NIHX W~1 ) ~TIHXWI {NIHXW ) ) RENTU IH
DT IW4= (ETHX*TIHXF3{ 114 (1~EIHX)XTIHXW4{ NTHXWI~TIHXW3( 1)) /CIHXWEOFLT
TIHXW3 (1) =TIHXW3 (1) DT IW4+ { TIHXWA (NTHXW=1)~T THX W& UNIHXW ) Y*ENTUIH
DT IW3={EIHX®TIHXF2{ 1} # (1-FTHXI&TIHXWI{NIHXW) ~TIHXW2{1)) /CIHXW* DELT
TIHXW2 (1) =T IHXW2 {1 ) +DT I3+ (T THXW3INTHXW- 1) =TIHXWA{ NIHXW } ) SENTUIR
DTEW2={ ETHX.TIHXFLO )+ { 1-EEHX) #TIRXW2 INIHXWI-TIHXW1 (1)) /CIHXWEDELT
TIHXWLULY=TIHXWLI L) ¢DTIW2+ { TEHXW2INTHXW=1)=TIHXW2 { NIHXW ) }&*ENTU1H
DTIWI={ETHXATLINLINLINY-NIRXF)# { 1-ETHX )T THXWLI{NTHXW)~TTHXWO( 1)}
X /CIHXW&DELT
TIHXWO ()= TIHXWOL 1) +DTIW 1+ { TIHXWIINTHXW=-1) = TEHXWL { NIHXW) }=ENTUIH
TIHXWI (1) =TTHXW
DO 903 LF=2,NIHXF
TIHXFLENTHXF=LF4+21=TIHXFI{NTHXF-LF+1)
TIHXF2 {NTHXF=LF+2)=TTHXF2 {NIHXF~LF +1}
TIHXFA{NIHXF—LF+2)= TIHXF3{NIHXF-LF+1)
TIHXFG {NIHXF-LF+2)=TIHXF4{NIHXF~LF+1)
TIHXFO{NIHXF—LF+21=TIHXFOL{ N HXF-LF+1)
DO 911 LF=2,NIHXH
TIHXWIINTHXW-LF4+2) =Y IHXWI{ NEHXW-LF +1)
TIHXWA INIHXW~LF+2) =TIHXW4 {NITHXW~LF+]1)
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TIHXW3 (NTHXW-LF¢2)=TIHXW3 (NIHXW-LF+1)
TTHXW2Z {NTHXW—-LF+2)=TIHXW2{ NIHXW-LF+1)
TIHXWL {NTHXW-LF+2)=TTHXWL{NTHXW-LF +1)

911  TIHXWOUNIHXW=LF+2)=TIHXWG(NIHXW-LF+1)
DTL2DT={TIHXFO(NTHXF)-TLIN2{1) ) /€L IN2%DELT
TLIN2(1)=TLIN2T1)+DTL20T+(TIHXFO(N IHXF=1)~T IHXFO{N IHXF } J2ENTUL 2

DD 889 LF=2,NLIN2

BB TLIN2(NLINZ-LF+2)=TLIN2{NL IN2-LF+1)
DYSTTR=(TLIN2{NLIN2)~TSTTRI1 1) /CSTTR
TSTTR{1)=TSTTR(1)+DTSTTRADEL T+{TLIN2(INLIN2Z=1)=TLIN2 (NLINZ} XENTUST

DO 913 LF=2,NSTTR | '

913 TSTTRINSTTR-LF+2)=TSTTRINS TTR=LF+1)
DTFAL=(EFC*TFCWAL(1)+{ 1-EFC) *TSTTRINSTTRI-TFCFAL(1 )} /CFCF#DELT
TFCFAL (1) =TFCFAL{1) +DT FAY+{TSTTRINSTTR=1)-TSTTR(NSTTR } ) *ENTUFC
DTFBl=(EFCXTECWB1{1 )4+ { 1-EFCI#TSTTP(NSTTR}=TFCFBL(1)}/CFCF*DELT
TECFBL(1}=TFCFRLI1) +DTFR1+ITSTTR(NSTTR=1}~TSTTRINSTTR) ) *ENTUFC
DTFCL=(EFC*TFCHWCLIL I+ (1~EFC) STSTTRINSTTR)I=TFCFCI{ 1)) /CFCE*DELT
TFCFCL{ 1) =TFCFCL{ 1) +DTFC I+ (TSTTRINSTTR-1)I-TSTTR (NSTTR) ) ® ENTUFC
DTFAD={EFCETFCWAI{1)+{1-EFCIATFCFA1(NFCF)~TFCFAO(1)) /CFCFDELT
TFCFAD{ 1} sTFCFADIL) +DTFAC+ (TFCFAL (NFCF-1)-TFCFALINFCF ) } RENTUFC
DTFBO={EFC*TFCWBY - +{1~EFCIATFCFBL(NFCF)-TFCFBO(1)) /CFCF#DELT
TECFBO(1)=TFCFBO(1)+DTEBO+(TFCFRIINFCF-1)-TFCFBL1{NFCF) ) *ENTUFC
DTFCO={EFC#TFCWCT  +{1—EFCI*TFCFCLINFCF}-TFCFCO(L}) /CFCF#DELT
TECFCO(1I=TFCFCOI1) +DTFCO+{TFCFC LINFCF~1)~TFCFCL{NFCF} ) *ENTUFC
DTWAL= (EFCRTFCFALIL) +{1—EFC)*TFCHAT INFC4)-TFCHAL( 1)) /CFCA*DELT
TFCWAL{ 1) =TFCWAL(L) +DTHAL+ ITFCWATINFC4—1 )} —=TFCHATINFC4) ) XENTUFC

CTWBI=(FFC*TFCFBLI1) 41 1-€EFC)*TFCWBI “TFCWRL101Y)/CFRC4*DELT
TECWBL{ 1} =TFCWB1(1}+DTUB!L
DTWCI={EFC*¥TFCFC 1L+ 1-EFCY*TRCRCT ~TFCWC1{1) ) /CFC4%DELT

TFCWC1{1)=TFCWC1 (1) 4DTWC
TFCWAT {1} =TFCWA
TFCFOD=TFCFD
TFCFO= (TFCFAQ(NFCFI+TFCFROINFCFI+TFCFCOINFCF)Y) /3
DD 893 LF=2,NFCF
TFCFALINFCF-LF+2)=TFCFAL (NFCF~LF#1}
TFCFBL{NFCF—LF+2}=TFCFBL{NFCF-LF+¢1)
TFCFCLINFCF-LF+2) =TFCFCY INFCF-LF4+1)
TFCFAD(NFCE-LF+2)=TFCFAQINFCF-LF+1)
 TFCFBOUINFCF—LF42)=TFCFRC(NFCF-LF+)}
893 TFCFCOU{NFCF-LF+2)=TFCFCOINFCF-LF+1)
- - DD 910 LF=2,NFC4
TECWAT (NFC4-LF+2)=TFCWAT (NFC4—LF+1 )
 TFCWAL{NFC4~LF#2)=TECWALINFC4—LF+]1)
TFCWBY (NFCA—LF+2)=TFCWR] {NFC4—LF+1)
910  TFCWCY{NFC4~LF+2)=TFCWC) {NFC4~LF+1)
DTBP=({ TFCFO ~T8P{1))/CBP
TBPI1)=TBP{1)+DT BP*DELT +{TFCFO-TFCFO0) *ENTUBP
DO 890 LF=2,NBP
89C TBPINBP-LF+2)=TRP(NBP-LF+1)
DTGSL={TBP{NBP)-TGS1({1})/CGSE
T6S1{11=TGS1{ 1) +DTGSI*DELT+( TBPINBP~1) —TBP (NBP) ) RENTUGS
OTGS2=(TGSL{NGSE }-TGS2(1)) /CGSE
CTGS2(1)=TGS2{1Y+DTGS2*NELT+{ TGS1ANGSFE—1)-TGS1ENGSE ) V *ENTUGS
DTGS3={ T6S2{NGSE)~TGS3(1)) /CGSE
TGS3{1)=TGS3(1)+DTGSI#DELT +{ TGS2INGSE-1)-TGS2(NGSE ) } *ENTUGS
DTGSE={ TGS3{NGSEI-TGSE(1) ) /CGSE
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TGSE{1}=TGSE{1)+DTGSE#DELT#{ TGS3 (NGSE~-1)~TGS3{NGSE } }*ENTUGS
DO B98 LF=2,NGSE

TGSLINGSE-LF+2)=TGS1(NGSE-LF+1)
TGS2INGSE-LF+2)=TGS2{NGSE-LF+1)

_ TGSI{NGSE-LF+2)=TGS3{NGSE-LF+1)

898 TGSE(NGSE~LF+2)=TGSE{NGSE-LF+1}
DYLIN4=1TGSE{NGSEY-TLIA&(1)) /CLING
TLING(L)=TUING{L}+DTL ING*DELT+ (TGSE(NGSE-1)1-TGSEI(NGSE} ) *ENTULS

DD 891 LF=2,NLTN4

891 TLINGINLING-LF+2)=TLIN4{NLIN4-LF+1}
OTSUL={TLINGINLIN&Y-TSULI1)})/CSUR
TSULLL) =TSULLL1)+DTSUL*DFLT#ITL ING INLIN4~1 )~-TLINA{NLING} IXENTUSUY
DYSUB=({TSUL(NSUB}-TSUB(1})/CSUB
TSUBLLI=TSUB{L1 )+DTSUBXDELT +{TSUL{NSUB=-1)-TSUL{NSUB)I*ENTUSU

DD BG5S LF=2,N5UB
TSULINSUB-LF +2}=TSUYI(NSUB~LF+1]
895 TSUBINSUR-LF+2)=TSUB(NSUB—LF+1}
TF{IN1) =TSUB INSUB}
DTLCDT=(TIHXWO INTHXWI-TLINC{ 1)V /CLINC*DELT
TLINC{YL}=TLINC{L)+DTLCOTH+{TIHXWOINIHXW=1}=TIHXWOINIHXW) )SENTULC
DD 892 LF=2,NLINC
B2 TLINC{NLINC~LF+2)=TLINCI{NL INC-LF+1)
IF{IPL-TIPLI1E3,1122,112

113 [1IPL=1
WRITE{6,1007) : :
1007 FORMATL'O SECCNDS F2 FLCW T{L) TIN+1)
X TF{ 1) TFINEL) TWil) THFL a)

WRITE(6,1006)TIME, W, T{1), T{IN1}, TFL{1), TFE{IN1), TWL1), TWF1
WRITEL&,1008) '
1008 FORMATIL'O INT HX FREON SEG 1 TO 4
X INT HX WATER SEGS 4 YO 1) a)
WRITEL{ 641006 FIHXFLINIHXFE) yTIRXFZINIHXF), TIHXFAIINIHXFY,
X TIHXFAINTHXF s TIHXWAINTHXW) o TIHXWIINIHXW)  TIHXW2 INIHXW) ,
X TIHXWY (INIHXH)
WRITE(S6,1006)TSULINSUBY , TLINGINLING) ,TGSEINGSE Y, TGS1 (NGSFEY,
X TBPINBP) ,TFCFAQINFCF) TFCFALINFCF )Y, TSTTR{NSTTR}
WRITEL 64,1006 ) TFCWAT (NFC4)Y, TFCWAL INFC4),DTFALDTWAL,TFCFBLINFCF),
X TFCWB LINFC 4}y TFCFCOINFCF)
ILP=ILP+])
IF{ILP .GE, 501% GO 70O 112
PLT{ILP,1)=TIME
PLTHILP,,2)=TL IN&{NL IN&)
PLT{ILP,3) =TFIINT)
PLT{ILP 4 =W .
PLTIILPWSY¥=TF(1)
PLTl!LP.61=TLlN1{NLIN1)
PLTLILP,7)=T IHXFO(NIHXF)
PLT{ILP+8)=TSTTRI{NSTTR)
PLYLILP,9)=TFCFO
PLTYLILP,10)=TBP(NBP)
PLY{ILP Y1) =TGSE{NGSF}
PLTUILP 12)=TIHXWOINTIHXW)
_ PLT(ILP,133=TLINC{NLINC)
112 I1IPL=ITIPL#]
10C6 FORMAT{ 2X,8G15.5)

TT={TF1+TF(1)}/2
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TCC=TT+{TCC-TT)}/TCEX
TIME=TIME+DELT
IF{TIME-TMAX) 120,120,200
120 DVPOSO=DVPOS
417 [F(CTLINGONLIN4=T Y1) =TLINA(NLIN4-T2)} /DELT+, 41418,418,419
419 IFC{TLINGINLING=T1)-TLINGINL IN4=T72)) /DEL T~ o 494171, 421,421
4171 . IF{TCC-SP-DBAND/2)4191,418,418
418 DVPOS=GR
GO TO 422
4191 FFITCC-SP+DBAND/21421+420,420
420 DVPAS=0.0

GO TD 422
421 DVPOS=-GR -
422 1Ftnvposo~ovpos:4z4,423.424
423 IF(TIME-TOFF-ACDL 426,426,425
424 TOFF=TIME

G0 T0 426

425 DVPOSA=DVPOS
42¢ VPOS=VPOS+DVPOSA*DELT
IFIVPOS1427,427,428
427 VPOS=0.0
. 60 TO 430
428  IF{VPOS—1,2)430,430,429
429 VPOS=1.2
43¢ W=WD/.966%STN{ 1.5T*VPOS/1.2)
60 TO 20
260 CONTINUE
IFCILP .GE. 501) ILP=500
CALL CALULM(PLT,TLP,12,502)
GO TO 15
END
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Controls Reevaluation

The H, feed control selected for the cryogenic heat exchanger in a
study conducted under Contract NAS 9-12208 had the characteristics indicated
in figure 9: a constant valve stroke travel rate equal to 200 seconds for
full valve travel to the design flow rate, and a two degree dead band around
the control set point. The Hp source considered for the cryogenic heat
exchanger was a supercritical tank for fuel cells. Hy is tapped off an
external pressurization system for this tank as shown in figure 10. The Freon
temperature leaving the cryogenic heat exchanger is sensed, and the control
is activated when the sensed temperature is one degree more or less than the
500°R set point.

Conservative non-ideal control characteristics assumed for the controls
study were:

Thermocouple lag = 1.0 second
Actuator delay = 0.2 second

" Non - linear flow versus valve stroke:

W 1 {.  1.57
W design = 7966 (Sin .z X Stroke

The non-linear Hy flow versus valve stroke may arise due to valve
design or from variations in pressure in the supply tank which changes
flow versus stroke relationships by changing the density of H, passing
through the valve. With a reasonably careful valve design, the non-linearities
due to pressure changes should be within those assumed because the pressure
in the relatively large supply tank cannot change at a high rate.

The type of control described was selected for its simplicity, since
it requires only a constant speed reversible motor for its actuator; and
for its low power consumption, since it requires no actuator power at steady
state conditions. Using this type of control, the valve travel rate must be
restricted to full travel in 200 seconds for stable operation given the tube -
in - tube heat exchanger dynamic characteristics and the assumed non-ideal
control characteristics. However, this valve travel rate was found to be
adequate to control Freon outlet temperature with rates of change in Freon
inlet temperature up to 20°R per minute. A 20°R per minute ramp was thought to
be more severe than could occur in the Freon loop except during startup.
Further study was recommended for the startup situation.

Under the present contract, the computerized model of cryogenic heat
exchanger, contrels, and Freon loop thermal dynamics described in the pre-
vious section was used as a tool to reevaluate the assumptions made in the
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control selection, and to provide a definition of requirements during
startup. Specific goals for this investigation were to:

® Confirm that during normal operation the rate of Freon temperature
change at the cryogenic heat exchanger inlet does not exceed 20°R
per minute for any appreciable time, and consequently that the sel-
ected control provides adequate response during normal operation.

e Determine whether Freon exit temperature perturbatibns caused by
control action can return around the Freon loop in such a way as.
to be detrimental to control stability.

° Determine the effect of Freon exit temperature perturbations on
the temperature of cooling water entering the cabin condensing
heat exchanger and Freon entering the fuel cell heat exchangers.
This determination allows a more realistic specification of control
limits, especially during startup. '

L4 Define the startup transient and modify the control as required
- to provide acceptable temperature control limits during the startup.

- Two input disturbances were applied to evaluate the action of the
¢ryogenic heat exchanger control under non-startup conditions: 1) starting
with design heat loads, one fuel cell was "shutdown' by lowering the '
temperature of FC 43(1j entering one fuel cell heat exchangerin a two min-
ute period; and 2} again starting with design heat loads, one fuel cell
and the cabin water loop were simultaneously ''shutdown™ in a two minute
period. The second disturbance is more severe than can actually occur
because the thermal mass of the water loop will prevent cooling of the

- water at this high rate. '

The startup transient was investigated by setting design heat loads
on the interface and fuel cell heat exchangers, with the Freon in the loop
from the beginning of the radiator.bypass through the inlet to the inter-
face heat exchanger at S00°R. This is the situation at the instant the
radiator bypass valve is opened. :

: The results of these investigations are presented in computerized plots

- in figures 11 through 14. The location of each variable plotted is located
by mmber on the schematic in figure 5. Some general remarks about certain
features of the thermal dynamics of the system may help in interpreting
these plots: o '

. Transport time of the liquid around the loop is on the. order of
' 150 seconds. Heat added to a particle of Freon camnot result in
a temperature rise in a downstream component until after the
period of time it takes the fluid particle to travel to that
component. '

(1) pCc 43 is a M Company;coolant.
| 41
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® The fuel cell heat exchangers and especially the interface heat
exchanger are highly effective. The steady state change in the
temperature leaving a heat exchanger is one minus the effective-
ness times the change in incoming temperature of that fluid
{assuming no temperature change in the other fluid). This
value is .085 for the interface heat exchanger.

@ The sum of thermal mass in the Freon loop is large, and the sum -
of metal time constants aroumnd the loop is of the same order of
magnitude as the control valve travel time.

Bach of the plots is discussed below.

Shutdown of Cne Fuel Cell (Figure 11)

Starting with the design heat load on the cryogenic heat exchanger,
the shutdown of one fuel cell was simulated by linearly reducing the
temperature of FC 43 coolant entering one fuel cell heat exchanger from
629.2°R t0553.2°R over a period of two minutes beginning at time zero.

']I"ﬁle resulting temperature transient and control action are shown in figure

The maximum rate of change of Freon temperature at the cryogenic heat
exchanger inlet is about 8°R per minute, well under the 20°R per minute the
control was designed to handle. Gonsequently the Freon outlet temperature
does not go outside the 499°R to 501°R control dead band by more than 0.3°R,
well within tolerances of * 5°R,

A comparison of Freon temperatures entering and leaving the interface
heat exchanger (plots 8 and 9) shows that none of the 'high frequency"
temperature fluctuations caused by control action are able to pass through
the large, high effectiveness interface heat exchanger. Therefore, there
is no possibility of unstable control action resulting from temperature
feedback around the Freon loop.

Simultaneous Shutdown of One Fuel Cell and Cabin Water Loop (Figure 12)

Figure 12 shows the results of reducing the inlet FC 43 temperature of
one fuel cell from 629.2°R to553.2°Rand reducing the water temperature into
the interface heat exchanger from558.2°R toS00°Rover two minutes starting
at time zero. Although the transient lasts much longer than when a single
fuel cell is shutdown, the rate of change in Freon temperature at the
cryogenic heat exchanger inlet is scarcely greater. This is the result
of the transport delay between the time a particle of Freon enters the

interface heat exchanger and the time the same particle enters the fuel cell
heat exchanger.
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Only the initial portion of the plotted transient (betwen 300 and 400
seconds) is a realistic representation of the response to the input described
above. This is so because the fuel cell cooling loop has not been included
in the computer model and the FC 43 temperature at the inlet to the active
fuel cell heat exchangers was constant. Without adjustment in FC 43 loop
temperatures to changes in Freon temperature, the correct steady state is not
approached at the end of the transient.

The input disturbance in ‘this case is more severe than can be imagined
to .occur in reality, because the large thermal mass in the cabin water loop
would prevent water temperature reduction at the rate input. Consequently
the control described at the begimning of this section is more than adequate
in non- startup situations. :

Startup (Figures 13 and 14)

The most severe Freon. temperature changes at the cryogenic heat exchanger
inlet will occur when the radiator is effectively removed from the Freon loop
prior to descent, and the full heat rejection load is. 1mposed on the hereto-
fore inactive cxyogenlc heat exchanger.

The cryogenic heat exchanger H, control valve will initially be closed
and will require 200 seconds to get to a full-open position.

The radiator may be removed from the system by immediately bypassing
Freon around the radiator, or by first stowing the radiator and bypassing it
at some later time, If the radiator. is stowed before bypassing, the heat load
will be imposed on the cryogenic heat exchanger more gradually because the large
radiator metal mass will provide cooling for a period of time after heat rejection
by radiation to space has stopped. At the present time, there appears to be no
-disadvantage to first stowing the radiator. However, since bringing the
_Cryogenic heat exchanger on-line by suddenly bypa551ng the radiator is the most
severe startup mode, it is the one considered in this study.

: The startup transient that results with use of the control previously

- ‘described is shown in figure 13. The Freon temperature at the cryogenic heat
exchanger exit rises to 545°R, or 45° gbove the control temperature. It is -
outside the control dead band for a period of about 200 seconds. The effect
of this startup temperature excursion on the operation of the fuel cells and the
the cabin condensing heat exchanger may be estimated from figure 13, Figure
13 shows the Freon temperature at the inlet to the fuel cell heat exchangers
rises less than a degree, and therefore, startup will have negligible effect
on the fuel cells. The small temperature rise at the fuel cell heat exchanger's
inlet occurs because the interface heat exchanger acts as a buffer.
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The cooling water entering the cabin condensing heat exchanger, shown
in figure 15, rises 30°R above its design value to 535°R. This will cause a
temporary rise in cabin humidity because some of the water which has been
condensed in the heat exchanger will be re-evaporated. The duration of
high cooling water temperature is so short, however, that it is unlikely
that serious discomfort will result.

Although the startup transient shown in figure 13 may be acceptable,
the magnitude of temperature excursions during startup can be reduced by
the a